Abstract. Non-alcoholic fatty liver disease (NAFLD) is the most common cause of liver injury and seriously affects human health. In the present study, we aimed to investigate whether adipose tissue-derived stem cell (ADSC) transplantation in combination with dietary modification was capable of reversing the progression of NAFLD. After establishing a rat model of NAFLD by feeding them a high-fat diet (HFD), ADSCs were transplanted via the portal vein into rats with HFD-induced NAFLD, and simultaneously fed a modified diet. Thereafter, gross liver morphology, the hepatosomatic (HSI) index and indicators of liver function, including alanine aminotransferase (ALT), aspartate aminotransferase (AST) and total bilirubin (TBIL) were evaluated. Subsequently, the serum levels of total cholesterol (TC), triglycerides (TGs) and fatty acids (FAs) were also assayed. Furthermore, H&E and oil red O staining were used to confirm the pathological effects of NAFLD in the rat livers. Although dietary modification alone caused liver function to recover, ADSC transplantation in combination with dietary modification further decreased the HSI index, the serum levels of ALT, TBIL, TC, TGs, FAs, reduced lipid accumulation to normal levels, and reversed the hepatic pathological changes in the rat livers. Taken together, these findings suggest that ADSC transplantation assists in the reversion of NAFLD by improving liver function and promoting lipid metabolism, thereby exerting hepatoprotective effects. Thus, we suggest that ADSC transplantation is a promising, potential therapeutic strategy for NAFLD treatment.
Introduction
It has been pointed out that non-alcoholic fatty liver disease (NAFLD) is the most common cause of chronic liver injury (1) , and in many developed countries as much as onethird of the population exhibit steatosis (2, 3) . The majority of patients with NAFLD remain asymptomatic, but 20% of NAFLD patients have experienced non-alcoholic steatohepatitis (NASH) that may progress to cirrhosis and hepatocellular carcinoma (4) . The rapid pace of modern life, the increasing intake of high-energy-density foods and reduced physical activity has led to the increasing prevalence of obesity (5) , which affects public health and results in numerous metabolic disorders, such as NAFLD, type 2 diabetes mellitus, hypertension and hyperlipidemia. Obesity, in particular, can result in a wide spectrum of liver abnormalities, ranging from hepatic steatosis to NASH, and even to cirrhosis (6) , implying that obesity is therefore the main driver of the greater prevalence of NAFLD (1) . Thus, preventing obesity will benefit patient recovery from NAFLD, and in the present study obesity was induced by feeding rats a high-fat diet (HFD), which is one approach to establishing an animal model of NAFLD (7) (8) (9) (10) .
For the management of NAFLD, medical treatment of metabolic risk factors such as dyslipidaemia and hypertension is required, and modifications to diet and physical activity must also be undertaken (11) . However, antihyperlipidemic and antihypertensive drugs are associated with an increased risk of myodynia as well as liver and kidney damage. Thus, an effective strategy for the treatment of NAFLD warrants urgent investigation.
Regenerative medicine using adipose tissue-derived stem cells (ADSCs) provides a promising, novel strategy for the treatment of various intractable diseases, as ADSCs possess numerous advantages, including the ability to self-renew and Adipose tissue-derived stem cells promote the reversion of non-alcoholic fatty liver disease: An in vivo study multidifferentiate, their abundant availability, ease of obtainment and greater immunoregulatory ability (12, 13) . Previous research has suggested that ADSCs ameliorate hypertension (14, 15) , hyperlipemia and obesity (16, 17) , and alleviate liver damage in an animal model of acute or chronic liver failure and liver fibrosis (18) (19) (20) . Therefore, ADSC transplantation may be a suitable method of treating NAFLD. In the present study, we established a rat model of NAFLD by feeding rats a HFD in order to evaluate the therapeutic effect of ADSC transplantation in combination with dietary modification. Our results showed that ADSC transplantation promotes the reversion of NAFLD by improving liver function and by promoting lipid metabolism as well as hepatoprotective effects. Isolation and culture of rat ADSCs. Rat ADSCs were harvested as previous described (21) . Briefly, following anesthetization of the male Sprague-Dawley rats (n=2) using pentobarbital sodium (40 mg/kg; Merck & Co., Inc., Whitehouse Station, NJ, USA), adipose tissues (approximately 3x1.5x0.5 cm) were scraped from the subcutaneous inguinal region, cut into small pieces (approximately 0.1x0.1x0.1 mm), and digested with 0.1% type I collagenase (Sigma-Aldrich, St. Louis, MO, USA) at 37˚C for 60 min with gentle shaking. Subsequently, the digested tissue was filtered through a 100-µm cell strainer, centrifuged at 400 x g for 5 min and washed twice with PBS (HyClone, Logan, UT, USA). The cell pellet was suspended with expanding medium consisting of α-Modified Eagle's Medium (α-MEM; HyClone) with 20% fetal bovine serum (FBS; Life Technologies, Scoresby, Australia) supplemented with penicillin (100 U/ml; Life Technologies) and streptomycin (100 µg/ml; Life Technologies), and then transferred into 6-well plates (Corning Inc., Acton, MA, USA) at a density of 1x10 6 /ml, and incubated at 37˚C with 5% CO 2 . Following incubation for 24 h, the non-adherent cells were discarded, whereas the adherent cells were further expanded in the complete medium, and medium was changed every 2 days. Once the cultured cells reached approximately 80% confluence, they were detached with 0.25% trypsin-0.02% ethylenediaminetetraacetic acid (EDTA; Life Technologies) and passaged at a ratio of 1:3. Cells from the third to fifth passages were used in the present study.
Materials and methods

Differentiation of ADSCs.
To ensure that the cultured cells were ADSCs, the ability to differentiate into multi-lineage cells was investigated. Cells were seeded into 12-well plates (Corning Inc.) at a density of 3x10 4 cells/well in 1 ml expansion medium. After reaching 80% confluence, the cells were cultured with specific induction medium as previously described (22) . To induce osteogenic differentiation, the cells were cultured with osteogenic induction medium consisting of DMEM, 10% FBS, 100 U/ml penicillin and 100 µg/ml streptomycin (all from Life Technologies), as well as 0.1 µM dexamethasone, 50 µM ascorbate-2-phosphate and 10 mM β-glycerophosphate (all from Sigma-Aldrich). For adipogenesis, the cells were cultured with adipogenic induction medium consisting of DMEM, 10% FBS, 100 U/ml penicillin and 100 µg/ml streptomycin (all from Life Technologies), as well as 0.5 mM isobutyl-methylxanthine (IBMX), 1 µM dexamethasone, 10 µM insulin and 200 µM indomethacin (all from Sigma-Aldrich). For chondrogenesis, the cells were cultured with chondrogenic induction medium consisting of DMEM, 1% FBS, 100 U/ml penicillin and 100 µg/ml streptomycin (all from Life Technologies), as well as 6.25 µg/ml insulin, 10 ng/ml TGF-β1, 50 nM ascorbate-2-phosphate (all from Sigma-Aldrich). Four weeks later, the cell population was stained using an oil red O staining kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China), an alizarin red S staining kit (Solarbio, Beijing, China) and also a toluidine blue staining kit (Nanjing Jiancheng Bioengineering Institute) respectively, according to the manufacturers' instructions.
Sphere formation assay. In order to further explore the activity of ADSCs, sphere cluster formation was analyzed as previously described with minor modifications (23 Flow cytometric analysis. The surface biomarkers of ADSCs were characterized by flow cytometric analysis to ensure cell quality. The adherent cells were firstly dissociated with 0.25% trypsin-0.02% EDTA, then re-suspended in α-MEM containing 10% FBS, and further incubated in PBS containing 5% bovine serum albumin (BSA; Sigma-Aldrich) for 20 min at room temperature. Subsequently, the cells were incubated with various primary antibodies as indicated for 60 min at room temperature, including phycoerythrin (PE)-conjugated anti-mouse/rat CD29 (monoclonal, 1:200) (cat. no. 12-0291-82; purchased from eBioscience, Inc., San Diego, CA, USA); mouse anti-rat/human CD31 (monoclonal, 1:100) (cat. no. SC-80913), mouse anti-rat / human CD34 (monoclonal, 1:10 0) (cat. no. SC-7324) (both from Santa Cruz Biotechnology, Inc., Dallas, TX, USA); PE-conjugated anti-mouse/rat CD44H (monoclonal, 1:200) (cat. no. 12-0444-82; eBioscience, Inc.), rabbit anti-rat/human/mouse CD45 (polyclonal, 1:100) (cat. no. SC-25590), goat anti-rat/human/mouse CD73 (polyclonal, 1:100) (cat. no. SC-14684), rabbit anti-rat/human/mouse CD90 (polyclonal, 1:100) (cat. no. SC-9163) (all from Santa Cruz Biotechnology, Inc.); mouse anti-rat/human CD105 (monoclonal, 1:500) (cat. no. Ab 156756) and mouse anti-rat human leukocyte antigen -antigen D related (HLA-DR) (monoclonal, 1:300) (cat. no. Ab 119795) (both from Abcam, Cambridge, UK), respectively. The cells were then washed twice with PBS, and further incubated with fluorescent-conjugated secondary antibodies donkey anti-mouse IgG-Alexa Fluor ® 488 (polyclonal, 1:1,000) (cat. no. A-21202) and donkey anti-rabbit IgG-Alexa Fluor ® 647 (polyclonal, 1:1,000) (cat. no. A-31573) (both from Invitrogen Life Technologies, Carlsbad, CA, USA) for 30 min at room temperature. Finally, the cells were washed twice with PBS and characterized using a fluorescence activated cell sorter (FACS; BD Biosciences, Franklin Lakes, NJ, USA), and the raw data were further analyzed using FlowJo 7.6 software (Tree Star, Inc., Ashland, OR, USA).
Establishing a rat model of NAFLD, and transplantation of
ADSCs. Forty-eight Sprague-Dawley rats were fed either normal chow or a HFD consisting of 88% normal chow, 2% cholesterol and 10% lard, for 6 weeks. After that, the normal rats or those with NAFLD were sacrificed (n=6). Following the development of hepatic steatosis, which was verified by gross examination and pathological assessment, the rats with HFD-induced NAFLD (n=36) were randomly divided into two groups: the mock group (n=18) which was treated with PBS (1 ml/rat), and the ADSC therapy group (n=18) that received intrahepatic transplantation of ADSCs (2x10 6 cells/rat). The transplantation procedure was performed under aseptic conditions as follows: the rats were temporarily anesthetized via inhalation of ether (Sinopharm Chemical Reagent Co., Ltd., Shanghai, China), and the abdominal cavity was then opened under aseptic conditions. The portal vein was exposed with moistened swabs; subsequently, the ADSCs suspended in 1 ml of PBS were injected into the portal vein with a 24-gauge needle. Following transplantation, all rats with HFD-induced were simultaneously treated with a modified diet (they were fed normal chow). After rats were sacrificed on weeks 2, 4 and 8 after transplantation, liver tissues (approximately 400 mg/rat) and sera (approximately 3 ml/rat) were collected for further investigation.
Histopathological assessment. After the rats were sacrificed using pentobarbital sodium (80 mg/kg; Merck & Co., Inc.), the liver samples were removed and examined using a single lens reflex (SLR) camera (Nikon, Tokyo, Japan). We also measured the body and liver weight using an electronic balance (Sartorius, Goettingen, Germany) to examine the hepatosomatic index (HSI = liver weight/body weight) x100. Subsequently, fresh liver tissues were fixed in 4% paraformaldehyde at room temperature for 24 h, and then gradually dehydrated with ethanol and embedded in paraffin. The paraffin blocks were subsequently sectioned (5 µm) and stained with a hematoxylin and eosin (H&E) staining kit (Nanjing Jiancheng Bioengineering Institute). Double-blind evaluation of hepatic steatosis was performed by two expert pathologists. To further clarify the degree of hepatic lipid accumulation, oil red O staining of the sections was performed using an oil red O staining kit (Nanjing Jiancheng Bioengineering Institute) following the manufacturer's instructions. The histopathological examination was performed using an inverted phase-contrast microscope (Zeiss).
Measuring serum markers of hepatic damage. To determine whether ADSC transplantation improved liver function, the sera were separated by centrifugation at 1,000 x g for 10 min at 4˚C, and stored at -80˚C. Subsequently, alanine aminotransferase (ALT), aspartate aminotransferase (AST) and total bilirubin (TBIL) were measured in the rat sera using ALT, AST and TBIL assay kits respectively, (all from Nanjing Jiancheng Bioengineering Institute) according to the manufacturer's instructions.
Measurement of serum markers of lipids metabolism.
To study lipid metabolism after ADSC transplantation, the serum levels of total cholesterol (TC), triglycerides (TGs) and fatty acids (FAs) were respectively measured in rat sera using TC, TG and FA assay kits (Nanjing Jiancheng Bioengineering Institute), following the manufacturer's protocols.
Measuring hepatic markers of oxidative stress. To further explore the protective effects of ADSC transplantation on hepatic lipid peroxidation, each of the liver tissue samples were homogenized in stroke-physiological saline solution to obtain 10% (w/v) liver homogenate, and then centrifuged at 5,000 x g for 10 min at 4˚C. The supernatants were subsequently collected, and hepatic superoxide dismutase (SOD) activity and malondialdehyde (MDA) content were measured using SOD and MDA assay kits (Nanjing Jiancheng Bioengineering Institute) respectively, according to the manufacturer's instructions. SOD activity and MDA content were finally normalized to total protein, which was measured using a bicinchoninic acid (BCA) assay kit (Beijing TransGen Biotech Co., Ltd., Beijing, China).
Statistical analysis. All quantitative data are expressed as the means ± standard deviation (SD) and the statistical significance of the difference between groups was analyzed using the Student's t-test. A p-value <0.05 was considered to indicate a statistically significant difference.
Results
Characterization of ADSCs.
Flow cytometric analysis revealed that cultured ADSCs were positive for CD29, CD44, CD73, CD90 and CD105, and negative for CD31, CD34, CD45 and HLA-DR (Fig. 1A) . In relation to the adherent cells, we noted homogeneous distribution and fibroblastic shape, which is consistent with the morphological characteristics of ADSCs from other species (Fig. 1B) , as has been previously described (21) . These cells also had the ability to differentiate into osteogenic, adipogenic and chondrogenic lineages (Fig. 1C-E) , which is a typical characteristic of mesenchymal stem cells (MSCs). Moreover, the cultured cells had the potential to form spheres (Fig. 1F) , which is consistent with the results of a previous study (23) . Taken together, these findings indicate that derived cells exhibited typical characteristics of ADSCs; therefore these ADSCs were subsequently used for cell transplantation.
ADSC transplantation affects gross liver morphology and the hepatosomatic index (HSI).
Images of the liver samples isolated from the normal (control) group and the rats with HFD-induced NAFLD were captured to investigate the extent of liver injury, using an SLR camera (Nikon). The livers from the rats with NAFLD exhibited typical signs of hepatic steatosis, with more yellow and rough surfaces compared with the livers from the control rats. However, following dietary modification and ADSC transplantation, the gross hepatic morphology of the ADSC-treated rats showed obvious signs of recovery ( Fig. 2A) . Even in the mock group (rats with NAFLD treated with PBS), the signs of hepatic steatosis were alleviated, although not as markedly as the ADSC-treated group. Although dietary modification contributed to recovery from NAFLD, ADSC transplantation was an efficient strategy to accelerate liver recovery.
Furthermore, the HSI index of the rats with HFD-induced NAFLD was analyzed (the percentage of wet liver weight/body weight). The HSI of the NAFLD group was significantly higher than of the normal (control) rats, whereas the HSI decreased slightly following dietary modification, which suggested that dietary modification promoted recovery from NAFLD. Furthermore, in the ADSC-treated groups we noted a significant decrease compared to the mock groups, which revealed that ADSC transplantation effectively reduces the liver weight of rats with NAFLD (Fig. 2B) .
ADSC transplantation improves liver function.
The serum levels of ALT, AST and TBIL were measured to evaluate hepatic damage in rats with HFD-induced NAFLD. Compared with the normal rats, the rats in the NAFLD group exhibited markedly increased levels of ALT and TBIL, which was an indicator of serious hepatic damage; while the AST level was slightly higher although the difference was not statistically significant. Two weeks after ADSC transplantation, the serum levels of ALT and TBIL were significantly lower than the rats in the mock group (PBS-treated rats). Furthermore, the serum levels of ALT and TBIL of the PBS-treated and ADSC-transplanted rats continuously declined when the rats were fed for another 2 (a total of 4 weeks) or 6 weeks (a total of 8 weeks), and the ADSC-transplanted rats exhibited an even lower ALT level compared with the mock rats (Fig. 3) . The improvement in liver function suggested that the ADSC transplantation accelerated the recovery of the liver from NAFLD progression.
ADSC transplantation promotes lipid metabolism.
In order to evaluate whether ADSCs affected lipid metabolism, serum levels of FAs, TGs and TC were measured. Compared with the normal rats, markedly higher levels of FAs, TGs and TC were observed in the NAFLD group, which means that the rats with HFD-induced NAFLD suffered from an imbalance of lipid metabolism. However, after feeding them with normal chow and administering ADSCs, the serum levels of FAs, TGs and TC in the ADSC-treated groups were significantly decreased compared to the rats treated with PBS; however, even in the mock groups improvement in the lipid metabolism was noted (Fig. 4) . Thus, ADSC transplantation and dietary modification in combination affected the lipid metabolism of rats with NAFLD to the extent that levels were close to normal. Of note, at 2 and 4 weeks post-transplantation, marked improvements in lipid metablism were noted between the ADSC-treated groups and the mock groups. Furthermore, the serum levels of FAs and TGs in the ADSC-transplanted rats continued to decline when the rats were fed for another 4 weeks (a total of 8 weeks). It should be noted that there were no significant differences in the TC levels between the ADSC-transplanted group and the mock group, and the TC levels of these two groups reverted to almost normal levels (Fig. 4C) . Thus, ADSC transplantation constitutes a more effective method of improving the lipid metabolism of rats with HFD-induced NAFLD.
ADSC transplantation reverses hepatic pathological changes.
To further examine whether ADSC transplantation reverses the progression of NAFLD, histological examination of liver tissues was performed. The liver tissues of the normal rats exhibited no evidence of steatosis, while typical steatosis was clearly observed in the samples of rats with HFD-induced NAFLD, which means that the rat model of NAFLD was successfully established using the HFD; after dietary modification, there was less evidence of steatosis in both the PBS-treated and the ADSC-treated groups compared with the NAFLD group. Although dietary modification ameliorated steatosis in rats with HFD-induced NAFLD, fewer fat vacuoles were observed in the ADSC-treated rats compared with the mock group, which indicates that the ADSCs accelerated the reversion of NAFLD (Fig. 5A) .
In order to confirm whether ADSC transplantation decreased lipid accumulation in the liver tissues of rats with NAFLD, oil red O staining was performed. Compared with the normal rats, greater lipid accumulation in the liver tissues of the NAFLD group was observed, which indicates an imbalance of lipid metabolism. Lipid accumulation was significantly Figure 5 . Adipose tissue-derived stem cell (ADSC) transplantation reverses hepatic pathological changes. The liver tissues were stained with (A) H&E and (B) oil red O to further evaluate the protective effects of ADSCs. The liver samples collected from the normal group showed no evidence of steatosis or inflammation, while liver tissues of the rats with non-alcoholic fatty liver disease (NAFLD) (model) group exhibited signs of steatosis, with excessive lipid accumulation in the hepatocytes; however, few incidences of steatosis were observed after ADSC transplantation compared with the mock (PBS-treated) groups, and ADSC transplantation resulted in better recovery over time (magnification, x200; scale bar, 50 µm). Normal, untreated rats; model, rats with NAFLD. Figure 6 . Absence of oxidative stress. The representative oxidative stress markers (A) superoxide dismutase (SOD) and (B) malondialdehyde (MDA) were measured to evaluate the extent of non-alcoholic fatty liver disease (NAFLD). SOD and MDA levels of the harvested liver tissues showed no significant difference between groups. Normal, untreated rats; model, rats with NAFLD; 2w/4w/8w PBS, 2/4/8 weeks after intrahepatic transplantation of PBS into rats with NAFLD; 2w/4w/8w adipose tissue-derived stem cells (ADSCs), 2/4/8 weeks after intrahepatic transplantation of ADSCs into rats with NAFLD.
decreased by dietary modification alone or together with ADSC transplantation, compared with the NAFLD group. Thus, we suggest that lifestyle modification alone reverses the development of NAFLD; however, we suggest that ADSC transplantation has the potential to further enhance the reversion of NAFLD since there was a marked decrease in lipid accumulation in the ADSC-treated rats compared with the mock group: lipid accumulation almost returned to normal levels in the ADSC-treated group (Fig. 5B) .
Absence of oxidative stress. Excessive lipid accumulation is capable of increasing oxidative stress, which is usually characterized by low SOD activity and increased MDA content in the liver, during the progression of NAFLD. However, there was no significant difference in SOD and MDA levels in our harvested liver tissues, between all groups (Fig. 6) , which indicated the absence of oxidative stress.
Discussion
NAFLD is the most common chronic liver disease in the world, and it is seriously harmful to human public health (1,2). However, little is known about its pathomechanism, particularly at a cellular and a molecular level. To explain the pathological changes of NAFLD, a classical hypothesis, the 'two-hit hypothesis', was widely accepted. The 'first hit' is initiated with hepatic accumulation of high levels of free fatty acids, resulting in steatosis; this makes the liver more prone to the 'second hit', involving factors such as oxidative stress, mitochondrial dysfunction and inflammation, which lead to steatohepatitis and/or fibrosis (24, 25) . According to this 'two-hit hypothesis', excessive lipid accumulation may cause peroxidation, followed by increasing oxidative stress (26) (27) (28) . In the present study, we therefore evaluated the SOD activity and the MDA content of the rat liver samples. However, no significant difference was observed among all the groups (Fig. 6) , indicating the absence of excessive oxidative stress in our rat model; additionally, no significant difference was observed in the serum level of AST among all the groups (Fig. 3) . Collectively, these data suggest that the animal model used in this study evolved in the early stages of NAFLD.
It should be noted that lifestyle modification is the key for NAFLD patients to maintain weight loss. A recent systematic review assessing the effect of diet, physical activity, and /or exercise modification in adult populations with NAFLD suggested that lifestyle modifications lead to weight reduction and consistently reduce liver fat (29) . Consistent with these results, our study revealed that dietary modification moderated gross hepatic morphology and HSI index (Fig. 2) , reducing hepatic damage (Fig. 3) , balancing lipid metabolism and even reversing the pathological changes in the liver (Fig. 4 and 5 ). These results demonstrate that lifestyle modification through dietary intervention should be used to prevent the progression of NAFLD.
Although important benefits result from dietary modification, other metabolic risk factors, such as hyperlipidemia and hypertension, also require further treatment. MSC transplantation was identified as one of the choices to reduce these risk factors (14) (15) (16) (17) . Therefore, MSC transplantation presents a promising strategy for the treatment of NAFLD; previous studies have noted this in relation to bone marrow-derived stem cells (BMSCs) (30, 31) .
As well as the common features of other MSCs, ADSCs possess the same abilities in terms of tissue repair and immune regulation (32) (33) (34) (35) , and also have many advantages, including abundant availability, ease of obtainment, better immunoregulatory ability and the fact that they are more suitable for autologous transplantation (36, 37) . As described in this study, ADSC transplantation in combination with dietary modification was more effective at improving liver function of rats with HFD-induced NAFLD (Fig. 3) , regulating lipid metabolism (Fig. 4) , and ameliorating changes to the hepatic pathological morphology (Fig. 5) than treatment with dietary modification alone, which indicated that ADSC transplantation is another promising strategy for the treatment of NAFLD.
Although ADSC transplantation presents a promising therapeutic approach for the treatment of NAFLD, the mechanisms and the safety of ADSC transplantation have not yet been elucidated. Therefore, further research is necessary to ascertain this information, particularly the safety of ADSC transplantation, prior to clinical application.
In conclusion, we suggest that ADSC transplantation significantly improves liver function, promotes lipid metabolism and decreases the intrahepatic content of lipids, thereby reversing the progression of NAFLD. Therefore, ADSC transplantation presents a potential therapeutic approach for NAFLD.
